surgery time, intraoperative bleeding, and hence blood transfusion. 33 However, Bendszus et al. demonstrated that only complete embolization had an effect on blood loss.
2 Safe embolization is often limited by dangerous arterial anastomoses between ECA and ICA branches or an aberrant origin of the MMA from the ophthalmic artery or vice versa. Giant meningiomas of the olfactory groove and planum sphenoidale also receive collaterals from the meningeal branches of the ICA, MMA (frontal and sphenoidal branches), and distal maxillary artery (sphenopalatine branch), all of which can put vision at risk due to dangerous anastomoses.
When giant olfactory groove or planum sphenoidale tumors are resected via a transcranial approach, removal of the orbital rims can offer low basal access and working space below the frontal lobes without significant brain retraction. The subfrontal approach allows direct access and shortens the distance to the tumor, while providing broad exposure. It is easy to devascularize anterior skull base meningiomas at the basal dural attachment without significant brain retraction if the lesion is small in size. In large meningiomas of the anterior cranial fossa, it is often difficult to provide retraction or relaxation of the brain until a sizeable internal decompression of tumor is performed, especially when there is tumor-induced parenchymal edema and brain shift. Apart from augmented vascularity, the feeding ethmoidal vessels are often hypertrophied or have increased flow compared with normal-sized ethmoidal arteries. Especially in patients with serious medical comorbidities, significant blood loss can be avoided with our technique of vascular control prior to violation of the tumor capsule. Additionally, it is not always possible to achieve direct access to the ethmoidal arteries due to the size and invasion of the anterior fossa skull base that is seen in many of these tumors.
We identified 12 patients who underwent extracranial surgical ligation of the ethmoidal arteries through either a transcaruncular or a Lynch approach at our institution. We present our experience with 3 cases in which transcaruncular and Lynch approaches were used to ligate the anterior, and when possible, posterior, ethmoidal arteries to diminish blood loss during resection of olfactory groove and planum sphenoidale meningiomas. The institution privacy officer granted approval for us to study the medical records and imaging data in these patients. This technique has been used in nonneurosurgical conditions such as epistaxis, nasopharyngeal carcinoma, sphenoid sinus carcinoma, and other craniofacial tumor resections involving maxillectomy or orbital exenteration.
Illustrative Cases

Case 1
This 50-year-old woman was admitted with a several-year history of personality changes and intermittent headaches. She presented to the emergency department with new-onset ataxia, bitemporal hemianopia, and urinary incontinence that developed over a few weeks. A noncontrast head CT scan revealed a 7-cm mass originating along the olfactory groove/planum sphenoidale, and subsequent MRI with Gd confirmed a homogeneously enhancing mass with perilesional edema in the anterior and middle cranial fossas abutting the suprasellar cistern, consistent with a giant meningioma (Fig. 1A-D) . Diagnostic cerebral angiography revealed marked hypervascularity of the lesion with parasitization of the anterior cerebral arteries (ACAs) and additional supply from the bilateral anterior ethmoidal arteries (AEAs). A decision was made to attempt to first devascularize the tumor using microcatheter embolization techniques. Partial devascularization was achieved with successful embolization of bilateral maxillary arteries using Avitene (Bard, Inc.
[Davol]) (Fig. 1E-J) . The following day, the patient was taken to the operating room and the otolaryngology service performed bilateral AEA ligations using standard Lynch incisions. Electrocautery was used through the soft tissue down to the periosteum of the medial orbital walls. The periorbital contents were retracted laterally, and the frontoethmoidal suture line was identified. Using blunt dissection posteriorly from the suture line, the AEAs were identified approximately 22 mm posterior to the lacrimal crest. A hemostatic clip followed by bipolar cautery was then used to ligate the vessels bilaterally. The incisions were closed, and then the patient's head was positioned in a Mayfield headholder. A bicoronal incision was made followed by a bifrontal craniotomy. A large bifrontal dural opening was undertaken, and the tumor was shrunk and debulked internally with bipolar electrocautery and Cavitron Ultrasonic Suction Aspirator (SOMA Technology, Inc.). The tumor capsule was then resected along all margins except for the most posteroinferior segment involving the sella, optic chiasm, and bilateral ICAs, where the tissue planes were poorly visualized. The frontal sinuses were exenterated, and a vascularized pericranium flap was placed over the defect. The estimated blood loss was 1.1 L. Postoperative MRI revealed a subtotal resection with a thin residual rim of tumor encapsulating the left ICA. The patient tolerated the procedure well and was discharged to cognitive rehabilitation. The patient underwent follow-up for 3 years postoperatively and remained asymptomatic from the residual tumor, which has remained stable in size on follow-up imaging.
Case 2
This 53-year-old woman presented with acute changes in vision over 6-8 weeks along with personality changes. She was noted to have bilateral optic disc atrophy on funduscopic examination and no lateralizing neurological deficits. Noncontrast CT revealed a large mass along the anterior skull base likely originating from the planum sphenoidale. Magnetic resonance imaging with Gd revealed a 6.5 × 5.6 × 4.8-cm planum sphenoidale meningioma abutting the optic chiasm and displacing both ICAs posteriorly. Significant hyperostosis of the adjacent planum sphenoidale was also noted ( Fig. 2A-D) . Diagnostic cerebral angiography revealed marked hypervascularity of the tumor, supplied by the bilateral internal maxillary arteries and ethmoidal branches. A decision was made to attempt to first partially devascularize the tumor using endovascular microcatheter embolization of the ECA supply. Embolization was performed through the maxil-lary artery bilaterally, and Avitene was injected until cessation of antegrade flow. However, the tumor blush persisted after embolization of the maxillary arteries ( Fig.  2E-J) . The following day, the patient was taken to the operating room and the otolaryngology service performed bilateral AEA ligation using a transcaruncular approach. First, the [lacrimal] caruncle was identified, and monopolar electrocautery was used to make an incision just laterally. Next, the lacrimal fossa was identified and dissection was carefully performed posteromedially in the avascular fascial plane. The frontoethmoidal suture line was identified, and the periosteum was incised bilaterally. Subperiosteal dissection was then undertaken posteriorly, and the AEAs were identified bilaterally and coagulated in a similar fashion as described in Case 1. The incisions were closed and the patient was then placed in a Mayfield headholder. The head was turned 30°, a pterional incision was made, and a standard right-sided orbitozygomatic craniotomy was performed. A large standard dural opening was made and the tumor was identified after careful dissection of the sylvian fissure. The tumor was resected all the way down to the posteroinferior tumor capsule seen along the right A 1 , A 2 , and M 1 vessels. A plane was then identified along the inferior margin, and the tumor was resected by piecemeal debulking with the aid of the Cavitron Ultrasonic Aspirator. The optic canals were then identified, and the tumor capsule was carefully resected posterior to the optic chiasm. Next, attention was turned to the left ICA where the last remaining segment of tumor was resected carefully. The dura of the anterior cranial fossa was then resected, and the hyperostotic planum sphenoidale was drilled away using a 5-mm diamond bur with care to not violate the ethmoidal sinuses from above. A pericranium flap and DuraGen (Integra Neurosciences) onlay were placed along the floor and the dura mater was approximated. The estimated blood loss was 450 ml. The patient tolerated the procedure well, and postoperative MRI findings were consistent with a gross-total resection. The patient's postoperative course was complicated by cerebrospinal rhinorrhea requiring lumbar drainage for 1 week; however, this resolved without further surgical intervention. She was discharged to cognitive rehabilitation in stable condition. At the 1-year follow-up, she continued to do well, and her vision loss had partially improved. No tumor recurrence was identified on follow-up imaging.
Case 3
This is a 46-year-old man who presented with newonset headaches was found on MRI to have a 5.5 × 5.2 × 3.8-cm homogeneously enhancing mass along the planum sphenoidale consistent with a large olfactory groove/ planum sphenoidale meningioma. The tumor was abutting the optic chiasm and both ICAs (Fig. 3A) . The patient was started on high-dose dexamethasone, and he underwent preoperative cerebral angiography for possible embolization. The right maxillary artery was found to be the predominant feeding vessel, along with some perforating ethmoidal branches. The maxillary artery feeders were embolized using Avitene injections ( Fig. 3D-F) . The patient was then taken to the operating room the next day for a multidisciplinary approach to resection. The otolaryngologists used a standard Lynch incision to ligate the right anterior and posterior ethmoidal arteries. An incision was made and electrocautery was used down to the periosteum of the medial orbital wall. The periorbital contents were identified and retracted laterally. Using blunt dissection posteriorly, the frontoethmoidal suture line was exposed and the AEA was identified and coagulated. Dissecting further posteriorly, the posterior ethmoidal artery (PEA) was identified approximately 15 mm behind the AEAand was ligated as well. The patient was then placed in a Mayfield headholder, and a standard bicoronal incision and bifrontal craniotomy was performed maintaining an intact pericranial flap. A large dural opening was made and the tumor was identified and debulked internally at first from the right side. After debulking, the capsule of tumor was freed from frontal lobe and falx and then inferiorly down to the cribriform plate. After similar techniques on the left side, the posterior margins superiorly were identified and resected safely away from the ACAs. Great care was then taken to carefully dissect the posteroinferior margins abutting the optic canals, tuberculum sella, and bilateral ICAs. The estimated blood loss was 580 ml. Postoperatively the patient did well, and MRI imaging confirmed a gross-total resection with mild basal pneumocephalus (Fig. 3B and C) . At the 6-month follow-up the patient continued to improve and had resumed normal activities of daily living. Surveillance imaging at 1 year demonstrated no recurrence.
Discussion
Resection of giant anterior skull base meningiomas is often met with a dreaded challenge of extreme hypervascularity of the lesion, supplied by the AEAs and PEAs, which cannot always be safely embolized. While the precise rate of visual compromise from endovascular intervention of the ethmoidal arteries is difficult to ascertain, a review of the literature suggests that up to 10% of patients may experience visual complications. 35 Large olfactory groove and planum sphenoidale meningiomas especially pose a surgical challenge due to difficulty in getting around the tumor and obtaining hemostasis at the skull base early in the operation. The former arise from the cribriform plate as well as the frontosphenoid suture, while the latter arise from the planum sphenoidale. The location at the anterior skull base makes them amenable to a bicoronal subfrontal, oblique subfrontal, interhemispheric, or classic pterional transsylvian approach. 6, 8, 25, 26 The subfrontal approach is popular due to easier access to the basal dural blood supply from the ethmoidal arteries, permitting earlier devascularization while providing the best view for cranial base repair with a pericranial flap. Apart from gaining control of the ethmoidal blood supply early during the surgery, endoscopic options for resection of these lesions are gathering momentum because of their minimally invasive nature and the decreased morbidity from reduced brain retraction.
Olfactory groove and planum sphenoidale meningiomas are located anteriorly in the skull base supplied by both anterior and posterior ethmoidal arteries (predominantly anterior), apart from a meningeal branch of the ophthalmic artery and/or an anterior branch of the MMA. 6, 8, 25 These lesions are differentiated from posteriorly placed tuberculum sellae meningiomas in that the latter do not have a significant AEA supply and the olfactory nerves are superolateral, chiasm is inferolateral, and the ACA lies posterior or posterosuperior relative to the tumor. 7 When the olfactory groove meningiomas reach a giant size, there are occasionally branches from the ACAs and anterior communicating arteries that are also supplying them. 7, 25, 32 The AEA is an orbital branch of the third segment of the ophthalmic artery and runs between the superior oblique and medial rectus muscles before leaving the orbit at the anterior ethmoidal foramen, together with the anterior ethmoidal nerve, to enter the roof of the ethmoidal sinus. It crosses the cribriform plate and enters the nose through a tiny slit adjacent to the crista galli to become the dorsal nasal artery, and also enters the cranial cavity near the cribriform plate to supply the dura mater of the anterior cranial fossa and the anterior part of the falx cerebri. The AEA supplies the anterior and middle ethmoidal air cells as well as mucosa of the frontal sinus. The PEA, when present, arises from the first segment of the ophthalmic artery and travels in the posterior ethmoidal canal to supply the posterior ethmoidal cells, posterior lamina cribrosa, planum sphenoidale, and nasal septum. Occasionally, it sends a meningeal branch to the cranial dura mater. Thus, the AEAs provide significant blood supply to anterior skull base meningiomas. It is often dangerous to embolize the AEA because it can cause retrograde migration of particles, which results in blindness from occlusion of the ophthalmic artery, although anecdotal successful cases are reported. 43 
22,44
Hence, the surgical control of the ethmoidal arteries has become a useful adjunct in reducing blood loss during resection of partially embolized anterior skull base lesions where ECA branches are already taken down and subsequent ICA injections show a persistent tumor blush.
A bicoronal subfrontal approach is commonly used for giant meningiomas in the anterior cranial fossa, followed by a unilateral oblique subfrontal, interhemispheric, or classic pterional transsylvian approach. During transcranial surgery, there are multiple areas of proximal control that are described for controlling the ethmoidal arteries. White et al. presented a cadaver study with illustrative surgical cases where unilateral and bilateral single-piece frontoorbital craniotomies were done for olfactory groove meningiomas. 46 They demonstrated proximal control of the ethmoidal arteries in 3 sites: in the lamina papyracea of the medial orbital wall at the anterior ethmoidal foramen along the frontoethmoidal suture at an average distance of 22 mm from the lacrimal crest, at the lateral ethmoidal wall as the AEA traverses the anterior ethmoidal foramen and travels in the anterior ethmoidal canal, and also extradurally at the cribriform plate where it travels across the ethmoidal sinus to reach the cribriform plate, which in turn lies anterior to the anterior ethmoidal foramen. 46 McDermott et al. demonstrated the utility of transcranial, extradural access through the medial orbital wall using subperiosteal and subperiorbital dissection after a bicoronal flap. 27 They demonstrated the safety and feasibility of controlling both anterior and posterior ethmoidal arteries in this method. However, we feel that performing a large single-piece craniotomy or retracting posteriorly on the frontal lobes with an unresected giant olfactory groove meningioma would predispose the brain to significant damage from retraction or manipulation prior to reaching the ethmoidal feeders in the skull base. Furthermore, resection of the juxtasellar portion of tumor as well as preservation of ACAs draping the tumor posterosuperiorly would be more amenable to a transcranial extracapsular extraarachnoid dissection using conventional bimanual microsurgical techniques. Considering the large size and remarkable mass effect of these lesions, we opted to perform an extracranial approach for ethmoidal artery ligation, over an intracranial intradural or extradural approach.
Extracranial surgical access to the anterior and posterior ethmoidal arteries can be difficult to obtain, and methods for approaching them have undergone numerous iterations, both open surgical and endoscopic (Figs. 4 and  5) . Traditional medial orbital wall access was originally described by R. C. Lynch in 1921 and was the technique most commonly used for decades. A vertical incision of about 3 cm midway between the medial orbital canthus and the nasal bridge is performed, and dissection is medial to the medial canthal tendon and deep to the lacrimal apparatus to expose a large portion of the medial orbital wall (Fig. 5) . Dissection is then carried along the medial orbital wall to locate the frontoethmoidal suture line. Identification of this important bony landmark is a key step to follow during dissection. The lacrimal sac is the lower extent of dissection, but once the frontoethmoidal suture line is seen, dissection along this line posteriorly will yield the AEA. The main drawbacks of the Lynch approach are the need for a cutaneous incision, possible canthal webbing, and damage to the lacrimal drainage system. Scar formation has been partially addressed through modifications including a Z-plasty, though scarring may still occur.
11 Recently, Douglas and Gupta described an endoscope-assisted Lynch approach through a 1-cm incision with a favorable cosmetic outcome. 9 The transcaruncular approach avoids the risk of a facial scar and has gained popularity for the ligation of the AEA 32,38 (Fig. 5) . A hook retractor is used to expose the caruncle just lateral to Tenon's capsule and the edge of the conjunctiva. An incision is made on the lateral one-third of the caruncle, exposing a thick avascular fibrous fascia. This condensed tissue represents the insertion site of the medial palpebral ligament anteromedially, Horner's muscle and the medial orbital septum posteromedially, and Tenon's capsule laterally. While retracting the globe laterally, careful palpation of the lacrimal crest is performed and dissection is carried posteriorly within the avascular plane between Horner's muscle and the orbital septum to the frontoethmoidal junction. Subperiorbital dissection along the medial orbital wall can then be performed in a posterior fashion to expose the AEA, which is typically located approximately 24 mm posterior to the lacrimal crest. Following identification of the AEA, hemostatic clip application and bipolar coagulation of the vessel are performed. With gentle retraction and periorbital dissection, exposure can be continued posteriorly to expose the PEA. This is a more demanding procedure because the PEA is of small caliber and is found near the orbital apex.
There are anatomical variations in the position and arrangement of the AEA and PEA. The AEA enters the anterior ethmoidal canal at the frontoethmoidal suture. While some individual variation exists with regard to the precise location of the anterior ethmoidal structures, numerous studies have described multiple anatomical landmarks to aid in the intraoperative identification of the foramen, canal, and artery. 10, 20, 28, 31 A literature review of anatomical references that can be used to help identify the anterior ethmoidal artery and canal is presented in Table 1 , with distances measured from the anterior crest of the nasolacrimal fossa, anterior axilla of the middle turbinate, anterior nasal spine, and the anterior face of the ethmoidal bulla. Similarly, the PEA can be identified based on the distance from the nasion, the optic foramen, or the anterior ethmoidal foramen as shown in Table 2 . We have also studied the patterns of AEA foramina in preserved human skulls at the Hamann-Todd Osteological Collection at the Museum of Natural History, Cleveland, Ohio, and observed 4 discrete patterns of anatomical variation of the AEA foramina with 1-4 ostia (Fig.  6 ) originally proposed by Caliot et al. 4 The presence of a single foramen may be explained by the absence of the PEA, whereas 3 or 4 foramina imply the existence of supplementary arteries. The classic type had 2 ostia and was found in 80% of cases, and an isolated anterior ostium was found in only 2% of cases, as noted by Caliot et al. 4 Some neurosurgeons use an extended endonasal endoscopic approach (EEEA) to resect midline anterior skull base meningiomas, particularly when they are smaller. Experiences in endoscopic surgery for frontal sinusitis and orbital decompression have added significantly to the progress in minimally invasive cranial base surgery. 29, 30, 37, 49 Once considered an adjunct to microsurgical techniques, the EEEA now has become an evolving alternative in many centers in achieving resection through a smaller corridor to decrease patient morbidity. Kassam et al. described some of the advantages of the EEEA in comparison with traditional transcranial approaches include reduction in the extent of bone resection, elimination of brain retraction, and less manipulation of neu rovascular structures. [16] [17] [18] One technique known as a modified Lothrop (Draf 3) procedure is performed by drilling out the entire floor of the frontal sinus and connecting the 2 frontal sinuses into a common cavity by removing the intervening septum. 7, 48 This procedure en hances endoscopic access to olfactory meningiomas since the anterior limit of transnasal dissection for olfactory tumors is the posterior wall of the frontal sinus. 15 The primary advantages of a modified Lothrop procedure are enhanced visualization, easier repair of the skull base defect, and reduced potential for mucocele formation. An EEEA for anterior skull base meningiomas with transsphenoidal, transplanum, and transcribriform modifications offer a keyhole basal craniectomy for successful resection of these tumors, with a posterior nasoseptal flap to prevent CSF leakage. [16] [17] [18] 23 In contrast, a recent review by Komotar et al. reported a decrease in postoperative complications (for example, CSF leakage) and higher rates of achieving a gross-total resection for open transcranial resection of olfactory groove meningiomas when compared with endoscopic resection. 21 We have used the transcranial approach for tumor resection, although we agree with the use of an EEEA in selected patients. We feel that the endoscopic endonasal approach is a feasible method to ligate the ethmoidal arteries while obviating the need for external incisions. While this procedure avoids visible scars, lack of a dehiscent anterior ethmoidal canal or a bony mesentery can make it technically unfeasible in some patients. Control of the AEA can be effectively achieved with the use of a rigid 30° endoscope for visualization and creating access via an anterior ethmoidectomy (Fig. 5) . The AEA can be controlled endoscopically using bipolar cauterization, and vascular clips are not always necessary. Extreme caution must be exercised to carefully secure the AEA during ligation to prevent vessel retraction into the orbit, which can subsequently result in a retroorbital hematoma with visual compromise. In the majority of cases, the AEA is located high in the skull base, posterior to the frontal sinus opening but may also be found lower (in a mesentery) and can therefore be injured during routine sinus surgery. It is also not uncommon to find a dehiscent AEA during these approaches, which in turn makes clipping easier (Fig. 7) .
Preoperative planning for localization of the AEA can be aided with the use of 3D CT reconstruction, and Keros grading 19 can help to safely estimate the extent of drilling needed for AEA exposure. The Keros classification system describes the depth of the olfactory fossa in terms of the height of the lateral lamella: Type 1 refers to a depth of 1-3 mm, Type 2 a depth of 4-7 mm, and Type 3 a depth of 8-16 mm. Almost three-fourths of the population falls into the second category. In regard to surgery, the classification is significant since the cribriform plate in patients with a Type 3 olfactory fossa is more prone to bony involvement in tumors. 14, 19 If the lateral lamella is classified as a Keros Type 2 or 3, it is likely that the AEA will be found in a mesentery. After preoperative height determination of the lateral lamella of the cribriform plate and localization of the AEA, an ethmoidectomy can be performed to provide direct visualization of the AEA for ligation. 12, 36 In an expanded endonasal approach for resection of anterior skull base tumors, after maxillary antrostomy and removal of the uncinate process, the ethmoidal arteries are directly visualized lateral to the lamina papyracea. 1, 12, 50 The PEA if present can be identified closer to the sphenoid sinus (Fig. 5) .
Solares et al. reported that endoscopic AEA ligation could be cumbersome, and their study showed technical feasibility in only 3 of 16 sides. 40 Their endoscopic ligation with preoperative CT scanning revealed that AEA ligation was less successful than was apparent. Effective AEA clipping was performed in 50% of cases with a mesentery. Endoscopic clipping was not technically feasible in cases of AEAs without a mesentery. Floreani et al. demonstrated that dehiscence of the anterior ethmoidal canal was associated with a greater likelihood of effective clip application. 13 In short, if the AEA is buried in the skull base, it can be technically challenging to effectively clip it because of the difficultly to safely obtain 360° of exposure. Alternatively, AEAs can be ligated using bipolar cautery, but oftentimes this may not allow for adequate control of the vessel. Serious complications could result without achieving adequate control of the vessel, such as artery avulsion or retraction back into the anterior ethmoidal canal. In general, we do not advocate endoscopically clipping the AEA unless it is on a mesentery, which can be determined by preoperative CT studies. The AEA lies between the second and third lamella of the lateral nasal wall (ethmoidal bulla and middle turbinate, respectively). 5 The AEA is usually located posterior to the anterior face of the ethmoidal bulla, unless a suprabullar recess exists. The PEA when present is smaller than the AEA and is commonly found at the junction of the roof of the sphenoid and posterior ethmoidal sinuses.
There are advantages and disadvantages of open surgical and endoscopic ethmoidal artery ligation (Table 3 ). An AEA external ligation can be done without and with endoscopic assistance, with good clinical outcome (Fig.  8) . The complications of surgical and endoscopic ligation of ethmoidal arteries are related to the procedure itself, especially with retraction of a partially coagulated vessel into the orbit or inability to control the vessel itself. The complications of this procedure vary from transient visual changes to a full-blown orbital apex syndrome due to retrobulbar hematoma. Brouzas et al. reported a case that depicted the potential peril of PEA cauterization in epistaxis producing traumatic optic neuropathy.
3 The lessons learned from management of epistaxis by ligation of ethmoidal arteries have made a remarkable impact on the surgical techniques used in external ligation of these arteries prior to meningioma resection. 39, 42, 45, 47 However, we have only 3 patients with meningioma who were treated with this technique. It is therefore difficult to quantitate the efficacy of our procedure, as there are no external or internal controls.
Conclusions
Surgical ligation of AEAs and often PEAs prior to resection of large skull base meningiomas provides a safe and feasible option to limit blood loss during resection of hypervascular tumors. We describe both open surgical and endoscopic methods that may limit significant blood loss in partially embolized giant meningiomas of the anterior cranial fossa with relevant surgical anatomy. Additional preoperative devascularization of partially embolized lesions to limit blood loss makes intuitive sense; however, more, dedicated studies are warranted to evaluate comparative norms and reduction in blood loss afforded by ligation of ethmoidal arteries. 
